ABSTRACT The herbivorous spider mite Tetranychus urticae usually remains on the lower leaf surfaces of its host plants. Although terrestrial animals are generally thought to be well protected from damage because of UV radiation, insect herbivory frequently increases when solar UV-B (280 Ð315 nm) radiation is attenuated. As UV transmission through leaves is generally low because of the accumulation of compounds that act as selective sunscreens (e.g., phenolics), we hypothesized that T. urticae avoids solar UV-B radiation by staying on lower leaf surfaces. We examined whether artiÞcial UV irradiation and solar UV affected the survival and reproduction of T. urticae and whether staying on lower leaf surfaces was beneÞcial to their performance under ambient UV radiation. We found that T. urticae was not well protected from UV-B radiation, because artiÞcial UV-B irradiation strongly decreased survivorship and egg production. More importantly; compulsory solar UV irradiation treatments also had lethal effects on T. urticae, whereas the mites could avoid them if they remained on the lower leaf surfaces of their host plants. These results showed that access to habitats protected from sunlight, such as lower leaf surfaces, is likely essential for T. urticae survival under ambient UV-B radiation. The lethal effects of solar UV radiation may also affect the population dynamics of spider mites, and habitat (resource) limitation may increase the probability of interspeciÞc interactions, such as competition and predation. In turn, the occurrence of these interactions in sheltered areas may be associated with observed increases in herbivory under conditions of solar UV-B-attenuation.
The biological impact of solar radiation has attracted considerable attention because of the depletion of stratospheric ozone and the consequent elevation of UV-B (280 Ð315 nm) irradiance at ground level (Rousseaux et al. 1999 . Although ambient UV-B is harmful to many organisms, terrestrial animals are generally thought to be well protected from UV damage by their exoskeletons, coats, plumage, and/or effective mechanisms for repairs of UV damage (Paul and Gwynn-Jones 2003) . However, many recent studies have shown that the intensity of insect herbivory frequently increases when the UV-B component of solar radiation is experimentally attenuated , Caputo et al. 2006 , Roberts and Paul 2006 . Although these well-documented effects of UV-B on insect herbivory are indirect effects mediated by changes in host plant chemistry Izaguirre et al. 2003 Izaguirre et al. , 2007 Paul and Gwynn-Jones 2003; Bassman 2004; Rousseaux et al. 2004; Caputo et al. 2006; Roberts and Paul 2006; cf. Lavola et al. 1998 ), UV-B may also directly affect animal behavior. For example, thrips can directly detect and react behaviorally to natural and augmented UV-B (Mazza et al. 1999 (Mazza et al. , 2002 . Moreover, solar or enhanced UV-B radiation may result in the reduced survivorship of insects (Bothwell et al. 1994, McCloud and Berenbaum 1999) . However, the mechanisms by which exposure to UV-B directly affects insect herbivores (Roberts and Paul 2006) and also the effects of ambient UV radiation on arthropod communities in the canopy largely remain unclear.
The twospotted spider mite Tetranychus urticae Koch (Acari: Tetranychidae) is a cosmopolitan and economically important herbivorous mite species found in many agricultural crops, including deciduous fruit trees. The mites usually stay on the lower leaf surfaces of their host plants (Foott 1963 , Morimoto et al. 2006 , which has often been attributed to rain avoidance (Jeppson et al. 1975 ). However, they remain on lower leaf surfaces even during fair weather, and thus, the behavior may serve to avoid direct exposure to sunlight. Solar UV-B transmission through individual leaves is low because of the accumulation of UV-BÐabsorbing compounds, including leaf phenolics (e.g., ßavonoids), which act as selective sunscreens that reduce UV-B penetration through the epidermis and protect sensitive targets in mesophyll cells (Lavola et al. 1998 , Rousseaux et al. 2004 , Tegelberg et al. 2004 , Izaguirre et al. 2007 ). Therefore, the upper and lower leaf surfaces should provide different UV environments (Liakoura et al. 1997 , Mazza et al. 2000 , Paul and Gwynn-Jones 2003 . During a pilot study in Kyoto, Japan, in May 2007, we measured ambient UV radiation (during sunny weather), including both UV-A (315Ð 400 nm) and UV-B, through leaves at Ϸ3 cm under single leaves of Japanese pear (496.8 Ϯ 16.0 [SD] W/cm 2 , n ϭ 10) and peach (589.3 Ϯ 15.0 W/cm 2 , n ϭ 10) trees, both of which are favorable host plants for T. urticae. UV-A and UV-B radiation were reduced to Ϸ10% of that on the upper leaf surfaces (5459 Ϯ 293.7 and 6480 Ϯ 157.9 W/cm 2 , respectively) of Japanese pear and peach leaves.
Tetranychus urticae has red-pigmented eyes located on each side of the dorsolateral area of the propodosoma, which function as light receptors Naegele 1966, 1968) . This visual system exhibits maximum visual sensitivity in the UV-A region at 375 nm, with a secondary peak in the green color region at 525 nm, and the mites are attracted to illuminations of these wavelengths, particularly the UV-A region , Sanchez et al. 1966 . Barcelo (1981) found that T. urticae adult females avoided UV-B radiation, and compulsory UV-B irradiation treatments on adult females reduced oviposition rates but did not shorten their life span. These results suggest that the occupation of lower leaf surfaces, which are protected from solar UV radiation containing UV-B, is important to the survival of T. urticae (Barcelo 1981) .
Therefore, we hypothesized that T. urticae avoids solar UV-B radiation by remaining on lower leaf surfaces. Consequently, ambient UV-B radiation may strongly affect mite population dynamics and, therefore, species interaction in mite communities. We tested the effects of artiÞcial irradiation (UV-A and UV-B) using UV lamps in the laboratory and solar UV radiation on the survival of T. urticae. We also tested the effects of artiÞcial UV-B irradiation on the egg hatchability of a predaceous phytoseiid mite, Neoseiulus womersleyi Schicha (Acari: Phytoseiidae), which is a dominant indigenous natural enemy of T. urticae in Japan.
Materials and Methods
Experimental Sites. All experiments were conducted during the summer and autumn of 2007 in the laboratory and in the open air on the roof of a building at Kyoto University in Kyoto City, Japan (35Њ N, 136Њ E). The reason we chose the roof was to eliminate the effects of other arthropods such as predators, omnivores, and constructions, which would occur on the ground in natural conditions.
Mite Cultures. We used T. urticae that were cultured on small, potted kidney bean plants in the laboratory at 25Ð28ЊC for at least 6 yr. Because T. urticae populations from several origins were added to the mite cultures on an irregular basis, the culture population likely possessed a certain amount of genetic variation. Neoseiulus womersleyi, which is an indigenous, natural enemy of spider mites in Japan, was provided by Dr. N. Hinomoto of the National Institute of Agrobiological Sciences, Japan. The population of N. womersleyi was collected from bean plants infested with Tetranychus kanzawai Kishida (Acari: Tetranychidae) in a Þeld at Assabu, Hokkaido, Japan (42Њ N, 140Њ E) in August 1998 and was reared on T. urticae from the mite culture described above on kidney bean leaves in the laboratory at 25ЊC under a 16 L:8 D light regimen.
Artificial UV Irradiation. According to the Japan Meteorological Agency, the average daily accumulations of UV-B in Japan were 10.97, 13.58, and 17.38 kJ/m 2 in Sapporo (43Њ N, 141Њ E; 1991Ð2007), Tsukuba (36Њ N, 140Њ E; 1990 Ð2007), and Kagoshima (32Њ N, 131Њ E; 1991Ð2007), respectively (http://www.data.kishou. go.jp/obs-env/uvhp/uvb_monthave_sap.html). To compare the effects of UV-A and UV-B irradiation on mites, the daily accumulations of both forms of UV irradiation emitted from UV lamps in the laboratory experiments were set at 12 kJ/m 2 . This value of daily accumulation was lower than the average daily accumulation of UV-B in Tsukuba but higher than that in Sapporo and thus largely lower than values of UV-A, which is a major component of solar UV radiation.
Artificial UV-A and UV-B Irradiation on T. urticae Adult Females. Quiescent deutonymph females were transferred from cultures to detached kidney bean leaves on water-soaked cotton in petri dishes (9 cm in diameter), which were not covered with lids, in the laboratory at 25ЊC. The following day, virgin adult females that had emerged on the leaves were transferred to 10 kidney bean leaves (2 by 2 cm; 20 females per leaf) on water-soaked cotton as described above. Five of the 10 leaves were irradiated with UV-A or UV-B using a UVL-53 or UVL-57 UV lamp (UVP, Cambridge, UK). The UV lamps were placed 16 cm above the leaves. The UV-A and UV-B irradiances near the leaf surfaces in the petri dishes were 778.3 and 667.1 W/cm 2 , respectively. Thus, we irradiated for 26 min using the UVL-53 UV lamp (UV-A) or for 30 min using the UVL-57 UV lamp (UV-B) each day (12 kJ/m 2 ). Irradiation was applied daily for 6 d. Adult females on the remaining Þve leaves (controls) were also reared in the laboratory at 25ЊC but without UV irradiation. The numbers of surviving and dead females and eggs laid on the leaves were counted daily before UV irradiation. To avoid the effects of leaf degradation by UV, we transferred the adult females from all leaves (including controls) to new leaves each day after the UV irradiation treatment.
Artificial UV-B Irradiation on T. urticae Larvae. Eggs were transferred from cultures to ParaÞlm (ParaÞlm M; American National Can, Luton, UK) on water-soaked cotton in petri dishes in the laboratory at 25ЊC. Within 24 h after emergence on the ParaÞlm, larvae were transferred to 10 kidney bean leaves (2 by 2 cm; 20 larvae per leaf). Five of the 10 leaves were irradiated with UV-B, and we enumerated surviving and dead larvae using the same methods described above for adult females. We also transferred larvae (or developed nymphs) to new leaves each day after the UV irradiation treatment.
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Artificial UV-A and UV-B Irradiation on T. urticae and N. womersleyi Eggs. Adult females of T. urticae were transferred from cultures to 10 kidney bean leaves (2 by 2 cm; Þve females per leaf) on watersoaked cotton in petri dishes in the laboratory at 25ЊC. The following day, we removed the adult females and redistributed the eggs among leaves to number 20 per leaf. Five of the 10 leaves were irradiated with UV-A or UV-B, and we counted the number of hatched and unhatched eggs using the methods described above.
For experiments using N. womersleyi, adult females of T. urticae were transferred from cultures to eight kidney bean leaves (2 by 2 cm; 10 females per leaf) on water-soaked cotton in petri dishes in the laboratory at 25ЊC. The next day, we removed T. urticae adult females from leaves and introduced adult females of N. womersleyi (10 females per leaf). Eggs of T. urticae were provided as prey. The following day, we removed adult N. womersleyi females and T. urticae eggs and redistributed the N. womersleyi eggs to number 20 per leaf. Subsequently, four of the eight leaves were irradiated with UV-B, and we counted the number of hatched and unhatched eggs using the method described above; irradiation, however, was only applied for 3 d.
Although the level of daily accumulation used in the above experiments (12 kJ/m 2 ) was similar to the level of solar UV-B radiation in Japan (10.97Ð17.38 kJ/m 2 ), the intensity of UV irradiation for a unit period of time was excessively higher than levels of solar UV-B radiation. Therefore, we also tested the hatchability of T. urticae eggs under a lower intensity of UV-B irradiation. The UVL-57 UV lamp (UV-B) was placed 62 cm above the leaves, thus reducing UV-B irradiance to 44.5 W/cm 2 . The leaves were irradiated as described above for 450 min/d (12 kJ/m 2 ). Attenuation of Solar UV Radiation. To test the effects of solar UV radiation on hatchability and development after hatching, we exposed T. urticae eggs to solar UV-attenuated conditions (UVÐ) and to nearly ambient UV conditions (UVϩ). To achieve UVÐ and UVϩ conditions, we used UV-opaque polyvinyl chloride Þlm (0.1 mm thick, CutacecleanKirinain; MKV Platech, Tokyo, Japan) and UV-transparent polyethylene Þlm (0.03 mm thick; Dainichi, Osaka, Japan), respectively. The UV-opaque polyvinyl chloride Þlm transmitted Ϸ80% of visible light (wavelengths Ͼ 400 nm) while completely Þltering out UV (Ͻ400 nm), and the UV-transparent polyethylene Þlm transmitted Ϸ80% of visible light, UV-A, and UV-B (Fig. 1a) .
On 2 October 2007, adult females of T. urticae were transferred from cultures to 16 kidney bean leaves (2 by 2 cm; Þve females per leaf) on water-soaked cotton in petri dishes in the laboratory at 25ЊC. The next day, we removed the adult females and counted the number of eggs laid on the leaves. Eight of the 16 leaves were placed on a drainboard-like shelf (25 cm above the base) under UV-opaque polyvinyl chloride Þlm (45 by 30 cm; 14 cm above the shelf; UVÐ), whereas the remaining eight leaves were placed under UV-transparent polyethylene Þlm in the same manner (UVϩ; Fig. 1b ).
These experimental arrays were supported by two plastic frames without sideboards, of which the top (roof) was covered with the appropriate Þlms (Fig.  1b) . Sides of the arrays were open and air ßew freely, although to prevent for the sun got in through southward side, only the upside (from shelf to roof) of the southward side was also covered with the same Þlm as the roof (Fig. 1b) . Consequently, the environmental conditions experienced by the petri dishes containing leaves were similar to open-air conditions, with the additional manipulation of sunlight using the Þlms.
This exposure experiment was conducted from 3 to 8 October 2007. To avoid disturbance by natural enemies of spider mites, the experimental arrays were placed on the roof of a four-story building at Kyoto University from Ϸ1000 to 1600 hours and in the laboratory at 25ЊC from 1600 to 1000 hours (the next morning) every day. In the laboratory, the ßuorescent lights were turned off at 2300 hours and turned back on at 0700 hours. On the sixth day of the experiment (8 October), we determined the hatchability of eggs and the survival and developmental stages of hatched individuals.
According to the Automated Meteorological Data Acquisition System at the Kyoto Local Meteorological Observatory (Kyoto City; 35Њ N, 136Њ E) of the Japan Meteorological Agency, over the time periods during which the experimental arrays were exposed to sunlight, the average temperature and relative humidity of the open air were 25.3ЊC and 51.5% RH (27Ð 64%), respectively (Fig. 1c) , and the duration of sunshine was 18.6 h in total (3 October was cloudy with no sunshine). We measured the intensity of solar UV using a UV Light Meter UV-340 (Sato Shoji, Yokohama, Japan), which measured the intensity of UV radiation at a range of wavelengths (290 Ð390 nm; UV-A ϩ UV-B) under the Þlms used in the experiment three times a day: morning (0930 Ð1130 hours), afternoon (1230 Ð1415 hours), and evening (1600 Ð1620 hours). The UV intensity (UV-A and UV-B) under the polyvinyl chloride Þlm (57Ð3,200 W/cm 2 ) was on average 52.9% of that under the polyethylene Þlm (111Ð 6,010 W/cm 2 ; Fig. 1c ). Test for Spatial Distribution Between Host Plant Leaf Surfaces. We prepared eight young kidney bean plants that had only primary leaves. A 2 by 2-cm area was encircled with a sticky resin (Fuji-Tangle; Fujiyakuhin, Tokyo, Japan) on the upper surface of a primary leaf and on the lower surface of the other primary leaf on each plant. We introduced adult T. urticae females into the square area of each leaf (eight females per leaf) on 2 October 2007. The following day, we removed the adult females and counted the number of eggs laid on the leaves. To avoid disturbance by natural enemies of spider mites, these plants were placed on the roof of a building at Kyoto University for the same periods of time as described above. We did not have any plants on the roof except the kidney bean plants used in this study. Therefore, it was likely that no or less natural enemies inhabited on the roof. In fact, we observed no natural enemies on the kidney bean plants during the experimental periods. On the sixth day of the experiment (8 October), we determined the hatchability of eggs and the survival and developmental stages of hatched individuals.
These spatial distribution experiments were performed on the same days as the above experiments. We also measured the intensity of solar UV radiation under the kidney bean leaves. The UV intensity, including UV-A and UV-B, under the leaves (18 Ð 610 W/cm 2 ) was on average (across all measurements) 10.6% of that in the open air (127Ð 6,800 W/cm 2 ; Fig. 1c) .
Statistical Analyses. Data collected from the experiments using UV lamps in the laboratory were analyzed with repeated measures analysis of variance (ANOVA) using StatView ver. 5.0 (SAS Institute, Cary, NC). For all proportional data, the arcsine transformation was applied before ANOVA. Data from experiments measuring the effects of sunlight on egg hatchability and development were tested with R ϫ C tests of independence using G-tests (Sokal and Rohlf 2000) . In these tests, the total numbers of living juveniles (larvae, quiescent larvae, and protonymphs) were considered survivors, and the numbers of dead or escaped individuals were considered fatalities. irradiation treatment (repeated-measures ANOVA, F [1, 48] ϭ 0.000002, P ϭ 0.999; Fig. 2a, bottom panel) . Although hatching was delayed compared with eggs that were not irradiated (Þve replicates, 20 eggs per replicate; repeated-measures ANOVA, F [1, 56] ϭ 22.304, P Ͻ 0.0001), nearly all eggs (99.4%) irradiated by UV-A had hatched by the Þfth day (Fig. 3a) .
Results

Artificial UV-A Radiation
Artificial UV-B Radiation Reduced Survivorship and Egg Production in Spider Mites and Egg Hatchability in the Predaceous Phytoseiid Mite N. womersleyi. The survival rate of adult T. urticae females irradiated by UV-B (667.1 W/cm 2 ; 12 kJ/m 2 /d) in the laboratory decreased rapidly after the third day, whereas 78.6% of the nonirradiated females survived the 6-d experiment (Þve replicates, 20 females per replicate; repeated-measures ANOVA, F [1, 56] ϭ 231.771, P Ͻ 0.0001; Fig. 2b, top panel) . Irradiation by UV-B also strongly affected fertility; egg production of females irradiated by UV-B markedly decreased throughout the experiment (repeated-measures ANOVA, F [1, 48] ϭ 1,238.241, P Ͻ 0.0001; Fig.  2b, bottom panel) , and although 89.6% of the nonirradiated eggs hatched after 6 d, no eggs hatched when irradiated by UV-B (Þve replicates, 20 eggs per replicate; repeated-measures ANOVA, F [1, 56] ϭ 94.567, P Ͻ 0.0001; Fig. 3b ). The survival rate of larvae irradiated by UV-B quickly decreased on the second day of the experiment (only 5.8% of larvae survived), and all larvae died by the third day, whereas 99.2% of the nonirradiated larvae survived and developed during the 6-d experiment (Þve replicates, 20 larvae per replicate; repeated-measures ANOVA, F [1, 56] ϭ 1909.728, P Ͻ 0.0001; Fig. 3c ).
These results indicate that UV-B is harmful to T. urticae at various developmental stages, but the UV-B intensity applied in these experiments (667.1 W/ cm 2 ) was much stronger than solar UV-B radiation. Therefore, we also tested the effect of UV-B irradiation on egg hatchability at an intensity of 44.5 W/ cm 2 , which better simulated the natural intensity of solar UV-B radiation. Consequently, we found that this intensity was also strong enough to cause egg mortality: no eggs irradiated by UV-B hatched, whereas 98.8% of the nonirradiated eggs hatched by the end of the 6 d (Þve replicates, 20 eggs per replicate; repeatedmeasures ANOVA, F [1, 56] ϭ 292.321, P Ͻ 0.0001; data not shown).
Eggs of the predaceous phytoseiid mite N. womersleyi also experienced lethal damage from UV-B irradiation at 667.1 W/cm 2 ; no irradiated eggs hatched, whereas all nonirradiated eggs had hatched after 3 d (four replicates, 20 eggs per replicate; repeated-measures ANOVA, F [1, 24] [SE] eggs per replicate) but was reduced to 47.3% for eggs hatched under UVϩ (eight replicates, 46.8 Ϯ 2.6 eggs per replicate; Fig. 4a, top panel) . The majority of hatched mites under UVÐ had developed to protonymphs (67.3% of living mites) by the sixth day, whereas most mites remained as larvae under UVϩ (89% of living mites; Fig. 4a, bottom panel) . The relative proportions of unhatched eggs, surviving mites, and dead mites (including escaped mites) differed signiÞcantly between the treatments (R ϫ C test of independence using a G-test, G adj[2] ϭ 284.653, P Ͻ 0.001).
Plant Leaves Functioned as Protective Shields for Spider Mites From Solar UV Radiation. The hatchability of T. urticae eggs on the upper leaf surfaces was only 40.5% (eight replicates, 24.0 Ϯ 3.5 [SE] eggs per replicate), whereas hatchability was 97.7% on the lower leaf surfaces (seven replicates, 20.7 Ϯ 4.5 eggs per replicate [the data on one leaf were omitted because the test area on the leaf was accidentally rubbed with edges of adjacent leaves and the encircled sticky resin penetrated the test area]; Fig. 4b, top panel) . The majority of hatched mites on the lower leaf surfaces had developed to protonymphs (60.5% of living mites) by the sixth day, whereas those on the upper leaf surfaces remained as larvae (91.6% of living mites; Fig.  4b, bottom panel) . The relative proportions of unhatched eggs, surviving mites, and dead mites (including escaped mites) differed signiÞcantly between the upper and lower leaf surfaces (R ϫ C test of independence using a G-test, G adj[2] ϭ 184.584, P Ͻ 0.001).
Discussion
Terrestrial animals are widely considered to be well protected from damage caused by ambient UV radiation (Paul and Gwynn-Jones 2003) ; thus, the direct effects of solar UV-B radiation on arthropods have not attracted a great deal of attention (Caldwell et al. 2007 ). However, if plant-dwelling arthropods have evolved behavioral adaptations to solar UV-B radiation, but not morphological or physiological adaptations, the resources available to them would be strongly limited.
The results of our laboratory experiments indicated that UV-A irradiation provided by a UV lamp did not affect T. urticae, as had been previously reported (McEnroe and Dronka 1966 , 1969 , 1971 Naegele et al. 1966; Sanchez et al. 1966; Barcelo 1981) . In contrast, T. urticae suffered severe lethal effects from UV-B irradiation provided by a UV lamp. In Barcelo (1981) , although a reduction was observed in fecundity, lethal effects on adult T. urticae females caused by artiÞcial UV-B irradiation (at most 20 kJ/m 2 ) were not found. In our results, the survival rate of adult T. urticae females did not decrease after 2 d of accumulated UV-B irradiation (24 kJ/m 2 ), whereas survival began to decrease after the third day (36 kJ/m 2 ). Thus, as was also suspected by Barcelo (1981) , the detrimental effects of UV-B on this mite may be additive if it is exposed for several days. Barcelo (1981) estimated that a reduction in fertility of up to 35% may occur if the mite remained exposed on top of a leaf all day during a high-UV day. However, although the inten- sity of UV-B irradiation was excessively higher than the ambient UV-B radiation, we observed a very rapid decline to no egg production, and the survival and hatching curves indicated that both eggs and larvae may be more sensitive to UV-B compared with adult females, suggesting that they possibly suffer more acute damage from UV-B radiation. Nonetheless, the mites are very successful in colonizing plants in the Þeld. Therefore, there should be certain mechanisms that rescue the mites from the risk inßicted by the solar UV-B radiation.
More importantly, compulsory solar UV irradiation treatments also had lethal effects on T. urticae. Although the UV-opaque polyvinyl chloride Þlm did not completely eliminate solar UV radiation in our measurments, we observed a large difference in hatchability and developmental rate between UVϩ and UVÐ. These results clearly showed that solar UV radiation has lethal effects on this spider mite species. Moreover, these effects were lessened if the mites remained on the lower leaf surfaces. The hatchability and developmental rates observed on the upper and lower leaf surfaces were equivalent to those under UVϩ and UVÐ conditions in the above experiments, respectively. These results provide deÞnitive evidence that the host plant leaves function as strong protective shields from solar UV for the spider mites.
These results showed that inhabiting the lower leaf surfaces is essential for this spider mite to survive under ambient UV-B radiation. Whether this behavior has evolved through direct solar UV-B avoidance or as an evolutionary beneÞt of another adaptation, such as geotaxis, remains unclear; regardless, our Þndings strongly suggest that residing on the lower leaf surfaces is an evolutionary consequence of a behavioral adaptation to solar UV-B radiation in T. urticae.
When a spider mite population explodes, the mites move to the top of the plant and can be found in the thousands milling around on upper leaves and plant supports. Although such a case is likely to be more frequent in glasshouses, the fates of those mites fully exposed to sunshine are largely unknown. However, for spider mites in unstable habitats, aerial dispersal is an important event for redistribution into new habitats (Mitchell 1973 , Brandenburg and Kennedy 1982 , Boykin and Campbell 1984 , Smitley and Kennedy 1988 , Grafton-Cardwell et al. 1991 . Mainly 1-d-old gravid adult females of Tetranychus urticae which experienced both food shortages and desiccation exhibits aerial take-off posture (raising forelegs and forebody), facing away from light sources regardless of the wind source (Boykin and Campbell 1984 , Smitley and Kennedy 1985 , Margolies 1987 . Osakabe et al. (2008) found that the under sides rather than upsides of leaves or plant materials were aerodynamically advantageous as platforms for aerial take-off and observed that adult females walked upward, faced downward, and exhibited the aerial take-off posture on the under sides of host plant leaves and sprouts. This may be a logical behavior not only in the aerodynamics but also in the environmental adaptation to the solar UV-B radiation.
Habitat (resource) limitation may increase the probability of interspeciÞc interactions, such as the amensalism between T. urticae and the European red mite Panonychus ulmi (Koch) (Acari: Tetranychidae) over habitat exploitation (Morimoto et al. 2006 . Because of the vulnerability of eggs to UV-B irradiation and preferable structural traits of the lower surfaces such as leaf domatia and tomenta (Walter 1996) , N. womersleyi may also remain on lower leaf surfaces. In fact, predatory phytoseiid mites are frequently observed on lower leaf surfaces (Osakabe et al. 1987 , which may also increase opportunities for predators to encounter its prey. Consequently, solar UV-B radiation may strongly affect the diurnal and spatial patterns of distribution or migration on host plant canopies (Pralavorio et al. 1989 , Onzo et al. 2003 , Villanueva and Childers 2005 , Weintraub et al. 2007 ) in such microcosm environments; in many cases, no precise reason for these patterns has been identiÞed (Holtzer et al. 1988) . Therefore, future experiments using spider mites and phytoseiid mites should focus on their recognition of and responses to UV-B. In terms of interspeciÞc competition and predation in these mites, we hypothesize that these interactions occur on areas of host plants protected from solar UV radiation, such as the lower leaf surfaces. The occurrence of these interactions in sheltered areas may be associated with the increased levels of herbivory observed under solar UV-BÐattenuated conditions , Caputo et al. 2006 , Roberts and Paul 2006 .
In the Þeld of horticulture, because of a consciousness of environmental load and a desire to reduce such load resulting from pest management, technologies for manipulating solar UV radiation using UV-opaque Þlms has increasingly attracted the interest of researchers. Indeed, the dispersal of some insect pests is inhibited under UV-absent environments, and thus the use of UV-blocking materials has resulted in lower levels of leaf infestation as well as reduced viral infections (Costa and Robb 1999 , Antignus 2000 , Raviv and Antignus 2004 , Kumar and Poehling 2006 . Such materials are opaque to both UV-A and UV-B wavelengths, and the pest control results are likely achieved by the absence of UV-A. However, plants growing under UV-BÐattenuated conditions are less protected by their own chemical defense mechanisms (Izaguirre et al. 2003 (Izaguirre et al. , 2007 Bassman 2004; Rousseaux et al. 2004; Caputo et al. 2006) and are preferred by some insect pests (Mazza et al. 1999) , resulting in an increased intensity of insect herbivory , Caputo et al. 2006 , Roberts and Paul 2006 . In contrast, UV-B irradiation leads to avoidance behavior in insects (Mazza et al. 1999 (Mazza et al. , 2002 and mites (Barcelo 1981) , and moreover, the accumulation of UV-B irradiation causes lethal effects in spider mites. Together, these results highlight the possibility of exploiting UV-A and UV-B manipulation technologies for pest management, although the effects of UV-B on beneÞcial arthropods also warrant further attention.
